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ABSTRACT
The Lyman-α (Lyα) emission line has been ubiquitously used to confirm and study high redshift galaxies. We report on the line morphology as
seen in the 2D spectra from the VIMOS Ultra Deep Survey (VUDS) in a sample of 914 Lyα emitters from a parent sample of 4192 star-forming
galaxies at 2 < zspec . 6. The study of the spatial extent of Lyα emission provides insight into the escape of Lyα photons from galaxies. We classify
the line emission as either non-existent, coincident, projected spatial offset, or extended with respect to the observed 2D UV continuum emission.
The line emitters in our sample are classified as ∼ 45% coincident, ∼ 24% extended and ∼ 11% offset emitters. For galaxies with detected UV
continuum, we show that extended Lyα emitters (LAEs) correspond to the highest equivalent width galaxies (with an average WLyα ∼ −22Å). This
means that this class of objects is the most common in narrow-band selected samples, which usually select high equivalent width LAEs, < −20Å.
Extended Lyα emitters are found to be less massive, less star-forming, with lower dust content, and smaller UV continuum sizes (r50 ∼ 0.9kpc) of
all the classes considered here. We also find that galaxies with larger UV-sizes have lower fractions of Lyα emitters. By stacking the spectra per
emitter class we find that the weaker Lyα emitters have stronger low ionization inter-stellar medium (ISM) absorption lines. Interestingly, we find
that galaxies with Lyα offset emission (median separation of 1.1+1.3−0.8kpc from UV continuum) show similar velocity offsets in the ISM as those
with no visible emission (and different from other Lyα emitting classes). This class of objects may hint at episodes of gas accretion, bright offset
clumps or on-going merging activity into the larger galaxies.
Key words. Galaxies: formation – Galaxies: evolution– Galaxies: structure – Galaxies: high-redshift
1. Introduction
The Lyman-α (Lyα) emission line is the intrinsically brightest
feature in a hot source spectrum (e.g. Schaerer 2003). Combined
with the fact that this line is redshifted into the optical and near-
infrared regime for a broad redshift range (2 < z . 10), it is one
of the most used tracers of galaxies at high redshift. However,
due to its resonant nature it is easily scattered by gas clouds (HI)
and its emission can be suppressed by the presence of dust.
The radiative transfer process that eventually leads the Lyα
photons to escape from their emitting region gives rise to a num-
ber of line profiles that have been already reported in observa-
tions: asymmetric line profiles (e.g. Kunth et al. 1998; Rhoads
et al. 2003; Shapley et al. 2003; Shimasaku et al. 2006; Tap-
ken et al. 2007; Vanzella et al. 2010; Lidman et al. 2012; Wof-
ford et al. 2013), double peak profiles (e.g. Shapley et al. 2006;
Quider et al. 2009; Kulas et al. 2012; Yamada et al. 2012;
Matthee et al. 2018) as well as spatially extended emission sur-
rounding galaxies (e.g. Fynbo et al. 2001; Steidel et al. 2003,
2011; Rhoads et al. 2005; Hayes et al. 2005, 2007; Rauch et al.
2008; Östlin et al. 2009; Matsuda et al. 2012; Wisotzki et al.
2016). In an attempt to explain such diversity of profiles the-
oretical and numerical models have been proposed (e.g. Har-
rington 1973; Neufeld 1990, 1991; Loeb & Rybicki 1999; Ahn
et al. 2000; Zheng & Miralda-Escudé 2002; Dijkstra et al. 2006;
? Based on data obtained with the European Southern Observatory
Very Large Telescope, Paranal, Chile, under Large Program 185.A–
0791.
Hansen & Oh 2006; Tasitsiomi 2006; Verhamme et al. 2006,
2012; Laursen et al. 2009; Duval et al. 2014; Gronke et al. 2015).
The detection of the Lyα line is a very successful method to
identify high redshift galaxies using large narrow-band surveys
in the optical (e.g. Cowie & Hu 1998; Rhoads et al. 2000; Shi-
masaku et al. 2006; Ouchi et al. 2008, 2010, 2018; Sobral et al.
2017, 2018; Hao et al. 2018) and to spectroscopically detect or
confirm high redshift candidates (e.g. Martin & Sawicki 2004;
Le Fèvre et al. 2005; Cassata et al. 2011; Ono et al. 2012; Finkel-
stein et al. 2013; Bacon et al. 2015; Le Fèvre et al. 2015; Zitrin
et al. 2015) and large samples of such galaxies have been col-
lected to date. From these samples, the study of their rest-frame
UV morphologies at z > 2 is also widely covered (e.g. Pirzkal
et al. 2007; Taniguchi et al. 2009; Bond et al. 2009, 2011, 2012;
Gronwall et al. 2011; Kobayashi et al. 2016; Paulino-Afonso
et al. 2018). When considering the local Universe and due to
the impossibility of obtaining rest-frame UV observations from
ground observatories, the Lyα Reference Sample (LARS, Östlin
et al. 2014) is the only study that focuses on the morphology of
Lyα emitters (LAEs, Guaita et al. 2015).
Lyα emission is often found to be more extended (in a diffuse
halo) than the stellar UV continuum emission (e.g. Rauch et al.
2008; Finkelstein et al. 2011; Steidel et al. 2011; Matsuda et al.
2012; Feldmeier et al. 2013; Momose et al. 2014, 2016; Matthee
et al. 2016; Wisotzki et al. 2016; Leclercq et al. 2017; Xue et al.
2017). The process responsible for such observations is thought
to be the scattering of photons by neutral HI gas around galaxies
at high redshift (e.g. Zheng et al. 2011). Galaxies with observed
Lyα emission are found to have small rest-frame UV sizes at all
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observed redshifts (e.g Venemans et al. 2005; Malhotra et al.
2012; Paulino-Afonso et al. 2018). Such findings are at odds
with the stronger evolution in galaxy sizes seen for galaxy pop-
ulations selected on other criteria (using similar size estimates
on Lyman-break or UV continuum selected galaxies, especially
at z < 4, e.g. Ferguson et al. 2004; Bouwens et al. 2004; van
der Wel et al. 2014; Morishita et al. 2014; Shibuya et al. 2016;
Ribeiro et al. 2016). Additionally, there is evidence for a positive
correlation between line luminosity and galaxy UV continuum
size (e.g. Hagen et al. 2014; Paulino-Afonso et al. 2018) as well
as between the extent of Lyα with the extent of the UV emission
(e.g. Wisotzki et al. 2016; Leclercq et al. 2017; Xue et al. 2017).
There also seems to be a correlation between galaxy UV size
and the escape of ionizing radiation, with the smallest galaxies
having the highest escape fraction (e.g. Marchi et al. 2018).
The mechanisms through which Lyα photons escape into
inter-galactic space are complex and photons can travel for sev-
eral kpc in random walks before free-roaming towards our line of
sight (e.g. Zheng et al. 2011; Dijkstra & Kramer 2012; Rosdahl
& Blaizot 2012; Lake et al. 2015; Trebitsch et al. 2017; Kimm
et al. 2019). Such large excursions increase the chance of dust
absorption corresponding to photon destruction (e.g. Neufeld
1991; Laursen et al. 2013). And there are simulations that show
that the escape fraction is linked to the galaxy inclination with
respect to the line of sight (Verhamme et al. 2012; Behrens &
Braun 2014). Observationally, the escape fraction of Lyα pho-
tons is anti-correlated to dust attenuation and star formation rate
(SFR) but large scatter is observed (e.g. Hayes et al. 2010, 2011;
Atek et al. 2014; Matthee et al. 2016). Other studies show that a
key quantity in determining Lyα emissivity is the column density
of neutral hydrogen (e.g. Shibuya et al. 2014b,a).
The comparison of LAEs (usually with WLyα < −20Å) with
galaxies with weak or no Lyα emission is ubiquitous in the lit-
erature (e.g Shapley et al. 2001; Erb et al. 2006; Gawiser et al.
2006, 2007; Pentericci et al. 2007; Lai et al. 2008; Reddy et al.
2008; Finkelstein et al. 2009; Kornei et al. 2010; Nilsson et al.
2011; Acquaviva et al. 2012; Le Fèvre et al. 2015; Cassata et al.
2015; Hathi et al. 2016; Oyarzún et al. 2017; Santos et al. 2020).
While some studies indicate that LAEs are low mass, dust poor
galaxies and likely the early stage of galactic evolution (e.g. Erb
et al. 2006; Gawiser et al. 2006, 2007; Pentericci et al. 2007;
Santos et al. 2020) others point to a scenario where LAEs can
be older (Kornei et al. 2010) and more massive (e.g. Lai et al.
2008). Some find small differences between LAEs and the typ-
ical star-forming population when drawn from the same parent
selection(e.g. Hathi et al. 2016). Relatively extreme optical emis-
sion line galaxies detected at z ∼ 2 ([OII] and [OIII] emitters
with average EW([OIII])∼200Å) are found to have similar stel-
lar masses to LAEs, but they are less massive and less star form-
ing than the most massive color-selected star-forming galaxies at
these redshifts (e.g. Hagen et al. 2016).
In this paper we report a taxonomy study on the shape of
the 2D Lyα emission line using data from the VIMOS Ultra
Deep Survey (VUDS, Le Fèvre et al. 2015), a large spectroscopic
survey with secure spectroscopic redshifts for 4192 galaxies at
2 . z . 6 representative of the star-forming population at this
epoch. We divide our sample into different classes according to
the Lyα 2D shape with respect to the UV continuum and then
report on the abundance of each class as a function of redshift
and estimate median key physical parameters (stellar mass, SFR,
age, dust extinction) associated with each class. We also attempt
at interpreting each class with an schematic 3D model of line
emission. We use the acronym LAGs for Lyα emitting Galaxies
(defined as objects with secure classification of visible Lyα emis-
sion from their 2D spectra) instead of LAEs to avoid confusion
with the standard definition of LAEs in the literature.
This paper is organized as follows. In Sect. 2 we briefly de-
scribe the VUDS survey and we highlight our sample selection.
In Sect. 3 we describe the classification scheme that we designed
as well as the method used for the classification. In Sect. 4 we
summarize our findings in terms of the impact of redshift, stellar
mass, line luminosity, line equivalent width, and UV luminosity
on the derived classification. In Sect. 5 we present and discuss
the physical properties associated with each class. We discuss
our findings in the context of current radiative transfer models
of Lyα in Sect. 6 and summarize the main results in Sect. 7. We
use a cosmology with H0 = 70 km s−1 Mpc−1, Ω0,Λ = 0.7 and
Ω0,m = 0.3. All magnitudes are given in the AB system (Oke &
Gunn 1983). Equivalent widths (W) are in the rest-frame with
the convention that negative denotes emission. Line fluxes are in
erg s−1cm−2 units unless explicitly stated otherwise.
2. Data
As presented by Le Fèvre et al. (2015), VUDS is a large spectro-
scopic survey that targeted ∼ 10000 objects covering an area of
1 deg2 on three separate fields: COSMOS, ECDFS, and VVDS-
02h. With the objective to observe galaxies in the redshift range
2 < z < 6+, targets were selected based on the first or second
photometric redshift peaks being at zphot +1σ > 2.4 and typically
at iAB ≤ 25. In addition, a small number of targets were selected
using a redshift specific color-color criterion for being at a spe-
cific redshift , e.g., a Lyman Break Galaxy (LBG) selection for
z ≥ 2 galaxies, if not already selected through their photometric
redshift.. Since for these we can use the set of ugrizYJHK fil-
ters to estimate the break in the continuum, the latter category of
targets are not necessarily brighter than iAB = 25. To fill in the
remaining available space on the masks, randomly selected sam-
ples with 23 < iAB < 25 were added to the target list. The spectra
were obtained using the VIMOS spectrograph on the ESO-VLT
covering, with two low resolution grisms (R=230), a wavelength
range of 3650Å < λ < 9350Å. The total integration is ∼ 14h per
pointing and grism.
Data processing is performed within the VIPGI environment
(Scodeggio et al. 2005) and is followed by extensive redshift
measurements campaigns using the EZ redshift measurement en-
gine (Garilli et al. 2010). At the end of this process each galaxy
has flux and wavelength calibrated 2D and 1D spectra, a spectro-
scopic redshift measurement, and associated redshift reliability
flag. For further information on the data processing we refer to
Le Fèvre et al. (2015).
To conduct this study we selected all primary and secondary
target galaxies in the VUDS survey for which we have the most
reliable redshift measurements, i.e. galaxies with redshift flags
2 and 9 (∼80% probability to be correct) and flags 3 and 4 (95
-100% probability to be correct). For more details on the relia-
bility flags we refer to Le Fèvre et al. (2015). This constraint led
to a total of 4360 targets which after removing duplicate objects
results in a total of 4192 individual galaxies (2100 in COSMOS,
1575 in VVDS-02h and 517 in ECDFS) to be visually inspected
for the presence of the Lyα line and subsequently classified.
2.1. Spectral Energy Distribution
We use the physical parameters derived from the simultaneous
SED fitting of the VUDS spectra and all multi-wavelength pho-
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Fig. 1. Left: Examples of each of the main classes that are defined for the purpose of this study: galaxies with no discernible emission or with Lyα
absorption (None); galaxies with emission of similar extent to the continuum (Coincident); lines with larger extent than the continuum (Extended);
lines with offset emission with respect to the continuum (Offset); emission with no associated continuum (Single Line); possible, faint emission
(Faint). The white dashed lines delimit a 1.64′′ area centred on the extraction window. Right: schematic view of possible physical explanations
for each observed class in the 2D spectra.
tometry available for each galaxy, using the code GOSSIP+ as
described by Thomas et al. (2017b). This method expands the
classical SED fitting technique to make use of the UV rest-frame
spectra in addition to photometry, improving the accuracy of
physical parameter measurements (for more details about the
improvement, see Thomas et al. 2017b). It also provides mea-
surements of physical quantities such as galaxy ages as well as
the IGM transmission along the line of sight of each galaxy, an
improvement compared to using a fixed transmission at a given
redshift (Thomas et al. 2017a).
To fit the photometric+spectroscopic data we use templates
derived from Bruzual & Charlot (2003) models with a Chabrier
(2003) initial mass function. To model the star formation his-
tories (SFH) we use an exponentially declining parametriza-
tion as SFR ∝ exp−t/τ (τ in the range 0.1 Gyr to 30 Gyr)
and two additional models with delayed SFH peaking at 1 and
3 Gyr. The templates are created in a grid of 51 ages (in the
range 0.1 Gyr to 14.5 Gyr). We apply a Calzetti et al. (2000)
dust extinction law to the templates, using Es(B − V) in the
range 0 to 0.5. Models with four different metallicities are used
(Z = 0.004, 0.008, 0.02, 0.05). The parameters of interest in this
paper are the stellar mass (M?), S FR, dust extinction (AV ) and
age (t ≡ Aonset as described by Thomas et al. 2017b), for which
the median values of the probability density function are used.
We expect a statistical uncertainty of ∼0.1 dex in stellar masses,
∼0.15 dex in SFR, and a ∼ 10% uncertainty on the age (Thomas
et al. 2017b). For further details about typical uncertainties on
these quantities see also Ilbert et al. (2013) and Tasca et al.
(2015).
2.2. Galaxy sizes
We use GALFIT (Peng et al. 2002, 2010) on F814W im-
ages from COSMOS (Koekemoer et al. 2007) and CANDELS
(Koekemoer et al. 2011) to derive effective radii and use the to-
tal extent measurement r100T described by Ribeiro et al. (2016)
which defines the radius of a circle with the same area as the to-
tal extent of the galaxy above a limiting isophote. We also use
our r50T which is derived from the area containing 50% of the
galaxy light above the same isophote. For all size related analy-
sis, we restrict our sample of galaxies to have HST imaging cov-
erage in the COSMOS and ECDFS fields, to have stellar masses
log(M?/M) > 9.5 and to be in the redshift range 2 < z < 4.5
where our measurements of total extent are valid (see Ribeiro
et al. 2016, for more details). This yields a total of 1040 galaxies
with size measurements.
2.3. Lyα line properties
The line fluxes and equivalent widths were measured as de-
scribed by Cassata et al. (2015). In summary, we used the
noao.onedspec.splot tool available from iraf (Tody 1986, 1993).
The continuum was estimate from two manually chosen points,
one on each side of the line. The flux of the line is then computed
from direct integration of the spectra above the estimated contin-
uum. This allows to estimate accurately the properties of individ-
ual lines which often deviate from a simple Gaussian in the case
of Lyα. Doing this process interactively also minimizes possi-
ble issues in the continuum estimation that may from defects in
individual spectra. The uncertainties were computed using the
formalism from Tresse et al. (1999) and we estimate a typical
uncertainty of ±5Å (for weak absorbers and emitters) and up to
±25Å (for strong absorbers and emitters).
We note, however, that these measurements were all per-
formed on the extracted one-dimensional spectra. From experi-
ence in the survey we know that the spectral extraction window
is often defined by the extent of the UV continuum on the 2D
spectra and misses some of the flux of the Lyα line, especially
in cases where the line is extended or even offset from the con-
tinuum (see e.g. Fig. 1, left panel). We compute the ratio of the
line flux of initial extracted 1D spectra to the flux extracted in an
aperture that is centred on and encompasses the full extent of the
Lyα line to estimate the level of flux loss in Lyα. We find an av-
erage flux loss of ∼19% for offset Lyα emitters (with 68% of the
galaxies - calculated from the 16th and 84th percentiles - having
flux losses between 5% and 38%) and ∼8% for extended Lyα
emitters (with 68% of the galaxies having flux losses between
3% and 15%). We do not apply any correction to the individual
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spectra since this level of flux loss estimate does not affect any
conclusions from our study.
3. Classification Scheme
We use the 2D spectrograms produced by VIMOS slits, with
the spatial dimension of the spectrogram covering on average
10′′ across the galaxy, and the spectral direction including the
Lyα1216Å line location, as well as the continuum emission, up
to or beyond the Ciii]λλ1907,1909Å emission (Le Fèvre et al.
2019). Our classification scheme identifies the position of the
Lyα line in this 2D spectrogram. Such scheme aims to divide
galaxies with Lyα in emission with respect to the their spatial
properties as seen in the 2D spectra that were obtained with the
VIMOS spectrograph. Our main classes are:
• None, where there is no line emission detected in the 2D
spectra, or the line is observed in absorption.
• Coincident, where the total extent of the emission line coin-
cides with the extent of the galaxy continuum.
• Extended, where the total extent of the emission line is more
extended than that of the galaxy UV continuum, but still cen-
tred on the continuum in the spatial direction.
• Offset, where there is an offset in the spatial direction be-
tween the center of the emission line and the center of the
UV continuum emission.
There are two additional classes that we use in this classification
scheme. Single Line emitters, where there is only an emission
line and no UV continuum flux is detected. Faint emitters, where
there is no clear detection of an emission line in the 2D spectra
making it impossible for it to be properly classified as one of the
four main classes. Examples of each of the classes are shown in
the left panel of Fig. 1.
Each class can be schematically represented by different
modes of Lyα escape from the galaxy. Coincident emission oc-
curs when there is little to no scattering of the radiation and
we observe the emission from its original regions. Extended
emission is when there is significant scatter on the surrounding
gas and we observe the halo around the galaxy. Offset emis-
sion can happen for one of two reasons, either there are two
clumps/galaxies spatially offset from each other and one is emit-
ting Lyα and the second is not or there is a single galaxy with an
asymmetric gas/dust distribution (potentially caused from stel-
lar winds and/or supernovae explosions) from where the Lyα
photons preferentially escape from one side of the galaxy. If no
emission is observed there is likely high dust contents or high
density of neutral hydrogen preventing Lyα from being observed
in emission. Faint and single line emitters have low S/N in the
line and continuum, respectively, and thus are purely observa-
tional classes. These are summarized in the right panel of Fig.
1.
3.1. Classification procedure
In order to carry out the individual visual classification of the
4360 spectra (corresponding to 4192 individual galaxies) a to-
tal of 10 collaborators inspected the data set. The sample was
divided in 20 data packages of 218 targets each and then each
volunteer was assigned 4 different data packages. We distributed
each data package ensuring that each is analysed by a different
pair of observers, i.e. for each set of 218 spectra we have results
from a different pair of collaborators. This was done in order to
minimize personal bias in the final classification. Each person
FULL
AGREEMENT
CLASS
DISAGREEMENT
NO EMISSION
68%
TOTAL 2833
No Line : 1919
 914 LAGs
LINE? - 59%
TOTAL 1359
Unsure Class : 562
Unsure Line : 797
Fig. 2. Summary of the agreement between collaborators. In the green
bar we have the number of galaxies on which both classifiers agreed
(divided in emitting and non-emitting galaxies). In the red bar we have
the number of galaxies on which the classifiers disagree. The dark red
portion of the bar indicates the fraction of galaxies that one classifier
chose an emission line class and the other chose no emission, most of
which (58%) are a combination of faint and no emission. The white
fraction of the bar indicates cases where both collaborators agree on the
existence of a line, but disagree on the line classification. Restricting
our sample to the cases where we have secure classifications we find a
total of 914 LAGs.
then used an interactive tool developed within the VUDS collab-
oration to carry out the classification.
One problem that may affect our results is the surface bright-
ness limit of our observations that can prevent lower surface
brightness emission halos to be seen in the 2D spectra and thus
bias our classifications towards a higher fraction of coincident
line emitters. Our qualitative separation into the different four
classes should thus be interpreted as a classification of Lyα line
emission above our limiting surface brightness. This means that
even if most galaxies have extended Lyα halos (e.g. Wisotzki
et al. 2016, 2018; Leclercq et al. 2017) there is a distinction be-
tween our bright extended emitters and the other class of low sur-
face brightness halos (likely classified as coincident emitters in
our study), with different underlying physical conditions likely
being responsible for the observed difference in the Lyα mor-
phology. Wisotzki et al. (2016) found that when restricted to
emission matching the spatial extent of the continuum (which
is what effectively happens in our 1D extracted spectra), lower
equivalent width galaxies have most of their flux in the surround-
ing halos. If that is the case, and combined with the UV-Lyα size
correlation, then we may expect that the coincident line emit-
ters (being those with the lower values of WLyα, see Sect. 5.3.1)
galaxies that do, in fact, include more extended Lyα halos but at
a surface brightness lower than our detection limit. This would
mean that we are observing only the core component of Lyα
emission which matches roughly the continuum surface bright-
ness profile (e.g. Leclercq et al. 2017). We will discuss the effect
of these considerations further in Sect. 6.
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Table 1. Number of LAGs in each redshift bin and for each selection that we use in this paper.
Selection 2.0 < z < 2.5 2.5 < z < 3.0 3.0 < z < 3.5 3.5 < z < 4.5 4.5 < z < 6.5 Total
All 171 336 194 136 76 913*
9.0 < log10 (M?/M) ≤ 9.5 44 103 49 29 9 234
9.5 < log10 (M?/M) ≤ 9.8 43 85 34 38 11 211
9.8 < log10 (M?/M) ≤ 10.1 31 52 48 27 9 167
10.1 < log10 (M?/M) ≤ 12.0 32 64 41 31 26 194
−10.0 < WLyα[Å] ≤ −5.0 31 66 29 12 6 144
−20.3 < WLyα[Å] ≤ −10.0 30 71 41 32 14 188
−46.2 < WLyα[Å] ≤ −20.3 46 79 38 39 15 217
−769.7 < WLyα[Å] ≤ −46.2 31 59 51 37 27 205
−19.8 < log10
(
FLyα
)
≤ −17.2 8 25 16 10 10 69
−17.2 < log10
(
FLyα
)
≤ −16.8 28 78 49 18 13 186
−16.8 < log10
(
FLyα
)
≤ −16.4 46 90 48 36 17 237
−16.4 < log10
(
FLyα
)
≤ −13.4 72 115 59 59 22 327
−20.3 < MFUV ≤ −19.5 70 69 18 4 1 162
−20.7 < MFUV ≤ −20.3 29 84 48 8 4 173
−21.1 < MFUV ≤ −20.7 20 60 52 33 4 169
−23.5 < MFUV ≤ −21.1 13 47 43 70 47 220
*The missing galaxy that is not included in our analysis is a single line emitter at z = 6.5363.
3.2. Classifier agreement
After the classification was done, we checked for the overall
agreement between each pair of classifications for our entire
sample. We have classifications for a total of 4192 galaxies, of
which 84 have duplicate observations and thus 4 classifications
(2 per observation). The summary of our results is shown in Fig
2. We note that we have agreement in the classification for 2833
(∼ 68%) galaxies of which 914 have Lyα in emission and 1919
have no line in emission. For the other 1359 galaxies, there is
a disagreement for 797 (∼59%) on whether there is a line in
emission or not and in most of the cases that happens when a
team member chooses the Faint class and the other team mem-
ber chooses no class. There are also a total of 562 galaxies for
which there is an agreement on the existence of the emission line
but there is a disagreement on the classification of the line. In
the end, we have a sample of 914 galaxies with Lyα in emission
(LAGs) and for which we a have a high degree of certitude in the
visual classification since both observers (or three out of four in
duplicate objects) independently agreed on the same classifica-
tion. We investigated if there was any redshift trend for galaxies
for which we have no secure classification, and we find a con-
stant fraction across the redshift range studied here.
This classification based on the qualitative presence of Lyα
in emission, rather than using the flux or equivalent width of
the line, is expected to take into account the variety of possible
configurations in the 2D spectrograms. The fraction of ∼32%
[914/2833] of LAGs in the securely classified sample can be
broadly compared to the fraction of LAEs in the same VUDS
sample, as reported by Cassata et al. (2015), which varies from
10 to 25% for bright LAEs with WLyα ≤ −25Å from z ∼ 2 to
z ∼ 5. By definition of the classification performed here, LAGs
include all LAEs but also include emitters with WLyα > −25Å,
hence the larger fraction of LAGs than LAEs. This is discussed
further in the next sections.
4. Lyα shapes
4.1. Statistics of Lyα classifications
Considering the 914 LAGs with secure classifications for the line
emission we find that about half of our sample (≈ 45%) shows
spatially coincident Lyα in emission that is centred and within
the 2D extend of the UV continuum. We find that about one
fourth (≈ 24%) of the LAG sample has extended Lyα emission,
≈ 13% has an emission line and the UV continuum is not seen,
≈ 11% shows an emission that has a projected spatial offset with
respect to the center of the 2D UV continuum, and finally ≈ 7%
is too faint to be classified. The number statistics of each sub-
sample that we discuss in the following paragraphs as a function
of redshift, stellar mass and line properties is summarized in Tab.
1.
In Fig. 3 we show how these class fractions vary with red-
shift. We find that the class with coincident continuum and Lyα
emission dominates at z < 4.5, with fractions always above 40%.
At z > 4.5 the most common cases are single line emitters. These
show a strong increase in their fraction at high redshift, rising
from ∼ 5% at z ∼ 2.25 to 47% at z ∼ 5 − 6. This is caused by
the increasing difficulty of detecting continuum in higher red-
shift galaxies, which naturally increases the number of single
line spectra towards higher redshifts see e.g. dominance of sin-
gle line emitter in UV faint galaxies in Fig. 4. The fraction of
extended emission is the second most frequent case at z < 4.5
and it shows an almost constant fraction around ∼ (20 − 30)%
at any redshift. Faint and offset line emitters show a decrease
in their fractions as a function of redshift and are never above
∼ 15%.
We divide further our sample in subsets based on their stellar-
mass, line equivalent width and line flux in Fig. 4. For each prop-
erty we divide the sample in 4 sub-samples containing approxi-
mately 25% of the sample each (see Table 1). In terms of stellar
mass, coincident Lyα emitters dominate at every stellar mass at
redshifts 2 < z < 4.5. At higher redshifts (4.5 < z < 6) single
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Fig. 3. The redshift evolution of the class fraction of the Lyα line mor-
phology considering the 914 LAGs identified during the classification.
Error bars are determined from Poisson statistics. Points are shifted hor-
izontally for visualization purposes and are centred with respect to their
redshift bins.
line, coincident, and extended emitters are the dominant popula-
tion at different stellar masses.
In terms of line equivalent width, we can see an overall trend
that higher equivalent width galaxies (WLyα . −45Å) are the
most common among extended and single line emitters, while
coincident line emitters dominate at lower equivalent widths
(WLyα & −20Å). At intermediate values of WLyα, the dominant
populations are coincident and extended emitters at lower red-
shifts (2 < z < 3.5) and single line, coincident and extended
emitters at 4.5 < z < 6.0.
In terms of Lyα flux, we find that at the faint end there is
a large dispersion in classifications, with galaxies classified as
having faint lines being significant (at z < 2.5) as expected
from its definition, and coincident galaxies are more common
at 2.5 < z < 4.5. This is likely caused by the evolution of the
continuum, with faint lines over a faint continuum being easier
to classify as coincident due to the reduced contrast with the UV
flux. At intermediate fluxes we find coincident line emitters to
be clearly the dominant population at redshifts 2 < z < 4.5. At
high Lyα fluxes, we find extended emitters to be the most com-
mon population at 2.5 < z < 4.5, and coincident line emitters the
second most common occurrence.
Finally, when dividing the sample in FUV absolute magni-
tude bins we find that UV-faint galaxies are dominated by sin-
gle line emitters at z & 3 and coincident line emitters at z . 3
which is consistent with effects of cosmological surface bright-
ness dimming preventing us from seeing the UV continuum at
increasingly higher redshifts (see discussion in Sect. 3.1, and the
trend for single line emitters in Fig. 3). For UV-bright galaxies
(−23.5 < MFUV < −21.1 mag) we find extended line emitters
to be the most common at 2.5 < z < 4.5 and coincident line
emitters to be the second most common population at similar
redshifts. At the highest redshifts (4.5 < z < 6) we find coinci-
dent, extended and single line emitters to have similar population
fractions in our sample.
Galaxies with offsets in line emission are a sub-dominant
population (. 15% of the sample) across any studied property.
Nevertheless, we do find them to be more common at low red-
shifts. They appear to be slightly more common in UV-bright
galaxies, but are ubiquitous at any stellar masses and Lyα de-
rived properties.
4.2. Measuring spatial offsets from slit data
We estimate the offset, d, between the Lyα emission and the
UV continuum centres by collapsing the 2D spectra along the
wavelength direction in two windows: 1212-1225Å for Lyα and
1240-1300Å for the continuum. The choice of wavelength inter-
val for the extraction of the Lyα spatial profile is compromise be-
tween maximizing the signal from the Lyα line and minimizing
the contamination form UV continuum emission. Before extract-
ing the profiles, we masked all pixels that are close to prominent
sky lines in the 2D spectra to avoid contamination. We then fit a
Gaussian profile to the emission along the spatial direction and
compute the offset distance as the absolute difference between
the peaks of each Gaussian.
Considering our sample of offset emitters we find a median
absolute physical separation of 1.9 ± 0.2 kpc (with 68% of the
sample being between 0.8 kpc and 3.0 kpc), see Fig. 5. There is
a recent study measuring the offsets from 2D spectra (see Hoag
et al. 2019), but there is no fair comparison that can be directly
made to our sample of offset emitters due to selection bias and
method disparities. To compare the two samples fairly, we com-
puted the offset in Lyα for all galaxies securely classified with
a line (includes coincident, extended and offset classes) and we
find a median offset of 0.60 ± 0.05 kpc, which is remarkably
close to what is reported from the 1D separation of 0.61 ± 0.05
kpc from the Hoag et al. (2019, priv. communication) sample
(see Fig. 5). When considering all secure line emitters, we also
find a small evolution with redshift, with the median offset ris-
ing from 0.51 ± 0.06 kpc at 3 < z . 5.5 to 0.64 ± 0.07 kpc at
2 < z < 3. These results are also consistent with the values de-
rived by Lemaux et al. (2020) for a sample of galaxies at higher
redshifts (5 < z < 7) and point to a non-significant evolution
in the median offset since the epoch of re-ionization towards the
peak of cosmic star-formation.
We find that the visual classification of offset emitters is com-
plete for offsets larger than 1.5 pixel (∼3 kpc for the median red-
shift of the sample), and people classified objects with offsets
down to separations of 0.5 pixels (∼1 kpc for the median red-
shift of the sample, albeit with higher incompleteness). This will
mean that the observed distribution of offset distances (see Fig.
5 - bottom panel) will capture most large offsets but largely be
incomplete for separations smaller than 3 kpc. Nevertheless, the
existence of a tail extending towards larger distances is indica-
tive of the possible existence of mergers among the offset emit-
ters, combined with bright Lyα clumps that are found at smaller
offsets. We note that the incompleteness at low offset distances
would only exacerbate the existence of the two scenarios, with
a large concentration of small offsets for bright in-situ clumps
combined with a larger tail for on-going merger events. This is
consistent with the scenario described by Ribeiro et al. (2017)
who studied the occurrence of bright UV clumps for the same
parent sample.
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5. Physical properties of Lyα line morphology
classes
5.1. SED derived parameters
We show in Fig. 6 the median values for stellar masses, SFRs,
dust extinction and stellar age for the four main classes defined
in Sect. 3. We first discuss the trends for the entire sample (left
panels) and then focus on the results tracing the evolution in red-
shift (right panels).
When looking at the stellar masses it is clear that galax-
ies with no Lyα emission and coincident emission tend to
be slightly more massive (median of log10 (M?/M) ∼ 9.90)
than galaxies with offset or extended emission (median of
log10 (M?/M) ∼ 9.75). In terms of SFR, there is an interest-
ing trend showing that the most star-forming galaxies have no
Lyα emission at any redshift. Coincident emission line galaxies
are the second most star-forming population followed by offset
and extended emission lines. The latter is the population with the
lowest star-formation rate. This might be correlated with the av-
erage WLyα of each class, as other studies find an anti-correlation
between SFR and Lyα equivalent width (e.g. Kornei et al. 2010;
Hathi et al. 2016; Pahl et al. 2020). We note, however that among
the classes of Lyα emitters we find average SFRs consistent
among each class which indicates that non-emitters have higher
SFRs than Lyα emitters (as found by e.g. Marchi et al. 2019).
Since the values for dust extinction and stellar age are de-
rived from a grid of models, the median value is fixed at one
of these grid values. Thus, we opt for the mean value for these
two quantities in our interpretation. In terms of dust extinction
it is clear that extended emission line galaxies are the ones with
the least amount of dust. Then coincident and offset line galax-
ies are more dusty and the population with larger amounts of
dust extinction is when no line emission is observed. In terms
of stellar age we find that coincident line galaxies are likely the
older population (but consistent with extended line emitters and
to some extent offset emitters) and galaxies with no emission are
on average the younger population. However, the differences of
stellar ages among each class are not statistically significant and
the more likely scenario is that all of the classes are comprised
of relatively young galaxies with a considerable age spread.
In terms of the redshift evolution of the observed trends we
show in the left panels of Fig. 6 the same quantities computed
in three redshift bins. In terms of stellar mass there is a trend for
higher stellar masses at higher redshifts for the four classes, it is
Article number, page 7 of 18
A&A proofs: manuscript no. VUDS_LYA
d [kpc]0
25
50
75
100
125
150
175
N g
al
⟨d
⟩=
0.
6 
kp
c All
Offset
Hoag+19
0 2 4 6 8
d [kpc]
0
5
10
15
20
N o
ffs
et
⟨d
⟩=
1.
9 
kp
c
Fig. 5. Top: the measured absolute distance between continuum and Lyα
peaks for all LAGs classified as coincident, extended or offset emitters,
with offset emitters highlighted in blue. The vertical line shows the me-
dian value of the distribution and the shaded region delimits the 16th
and 84th percentiles of the distribution. We show the value derived for
1D offsets measured by Hoag et al. (2019) as a red dashed line. Bottom:
Same as top panel, but considering only galaxies classified as offset
emitters.
likely the result of the VUDS sample selection function includ-
ing a limiting magnitude at iAB ≤ 25. The relative ratio of stellar
masses between coincident and extended line emitters remains
roughly constant with the latter being the least massive popula-
tion. When looking at the median SFRs, the trends are broadly
the same as found for the full redshift range with extended line
emitters being the least star-forming population whereas galax-
ies with no line emission are the most star-forming.
We find again that at z < 4 the extended line emitters have
the least dust content and that dust content increases gradually to
the offset, coincident and no line populations. We find no statis-
tically significant differences in the mean age for each class. At
z > 4 the trends are not as strong but we still find, despite the er-
ror bars, that the extended line emitters have the lowest amount
of dust. Interestingly, the dust attenuation in galaxies rapidly de-
clines for z > 4 for each class.
5.2. Lyα escape from galaxies
We compute as a proxy of the Lyα escape fraction the ratio of the
SFR derived from SED fitting and those derived from the Lyα lu-
minosity. The Lyα derived SFR is estimated assuming a case B
recombination, in conditions that the intrinsic ratio between Lyα
and Hα is 8.7 (e.g. Lemaux et al. 2009; Hayes et al. 2011; Cas-
sata et al. 2015; Matthee et al. 2016). We then use the Kennicutt
(1998) relation to derive S FRLyα = 5.985 × 10−43LLyα Myr−1
(divided by a factor of 0.63 to correct for a Chabrier 2003 IMF,
see e.g. Madau & Dickinson 2014).
We show in Fig. 7 the resulting median ratio for each class
that has a detectable UV continuum. As expected, galaxies clas-
sified with no visible emission have this ratio equal to zero. We
find a S FRLyα/S FRSED ratio of 4 ± 2% for coincident and 4+6−4%
for offset emitters. The extended class of emitters has a higher
ratio of 19 ± 9% . WE note that most of our emitters (excluding
the Extended class) have a similar escape fraction to that com-
puted for a field sample at z ∼ 4.5 by Lemaux et al. (2018). The
latter higher observed escape fraction for extended line emitters
is consistent with the higher equivalent width of this class of
emitters (see also Sect. 5.3.1), as studies found these quantities
to correlate with each other (e.g. Sobral et al. 2017; Verhamme
et al. 2017; Sobral & Matthee 2019; Cassata et al. 2020).
5.3. Composite spectra
To assess the average spectral properties we have produced com-
posite spectra for each class defined in Sect. 3.
We combined all of the spectra by linearly interpolating in-
dividual spectra (normalized by the integrated flux over 1450-
1500Å) onto a common grid of 1.5Å/pixel elements and then
taking the median flux at each wavelength. We show the com-
posite spectra in Fig. 8. Prior to combining the individual spec-
tra, we refined our redshift estimates by cross-correlation of in-
dividual spectra to a master template of the sample (e.g. Tonry
& Davis 1979; Hewett & Wild 2010; Talia et al. 2017). In sum-
mary, we stacked every spectra with a secure classification to
create a master template. Then we estimated the continuum us-
ing a 61 pixel median filter (Hewett & Wild 2010) and normal-
ized the final template by this continuum. We then restricted our
template spectra to the 1270-2050Å wavelength range. We note
that this range includes both ISM absorption lines and Ciii] emis-
sion, to maximize the chance of aligning each spectrum. Since
these are two different velocity components the re-fined spec-
trum will be weighted by the number of lines detected. And
while we expect some broadening of the lines due to velocity
differences of all the lines used in the master template, the cen-
troid of each line should be robust. We repeated the same contin-
uum estimation and wavelength restriction to individual spectra
and clean the spectra with standard sigma-clipping (σ = 3) to
remove noise spikes. Since we do not expect strong emissions
and/or absorptions in the wavelength range considered, this au-
tomatic cleaning should not affect lines in the spectra. Finally,
we computed the cross-correlation function, cc(s). We assumed
a maximum shift of ∆z ± 0.01 and computed the maximum smax
of cc(s) by fitting a quadratic function around the peak of cc(s)
(s = smax ± 0.001). We note that we apply our redshift correc-
tion to galaxies where cc(smax) > 0.25 to discard noisy cross-
correlations (see e.g. Hewett & Wild 2010). After correcting
each individual spectra, we further refine them with a new mas-
ter template re-computed from the new refined individual spec-
tra. We repeated this procedure until we converged on a final list
of redshifts.
For all subsequent analysis we use the wavelength regions
which have more than 75% of the spectra contributing to that
wavelength bin. With this constraint we cover the rest-frame
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range 1000-2000Å for all of the classes but one. The class of
single line emitters is dominated by higher redshift objects and
so the common range among different objects is smaller than for
the other classes. The fitting procedure is described below and
illustrated in Fig. 9.
To estimate the continuum level around emission and absorp-
tion lines we constructed a continuum function of wavelength by
masking all regions around the lines (15Å around simple lines,
30Å around line doublets and the region 1170Å - 1220Å around
Lyα) and then smoothing the spectrum with a median filter of
25 pixels (corresponding to a kernel size of ∼ 38Å). We then
used the continuum normalized spectra to compute line equiva-
lent widths and velocity offsets from a set of different Gaussian
models.
We fit each line with one of three different models, all based
on Gaussian shapes. The first model is a single Gaussian func-
tion with three free parameters. The second model is the combi-
nation of two half-Gaussian functions each with its own width,
and thus has four free parameters. Finally, the third model is a
simple combination of two Gaussian functions, with a total of 6
parameters (of which only four are free since we fix the doublet
separation and individual component widths to be the same). The
half-Gaussian model is used for the Lyα emission line. The dou-
ble Gaussian model is used for the Ciii], Siv and Aliii doublets.
The other lines are fitted with a simple Gaussian.
We assume that the systemic velocity of each composite
spectra is that of the CIII]λ1909 emission line, which should
trace nebular emission in Hii regions around star-forming re-
gions (see e.g. Talia et al. 2017). We could potentially use the
photospheric absorption Ciiiλ1176 but we find it to be strongly
affected by the Lyα red absorption wing which complicates the
measurement of the systemic redshift in this line.
5.3.1. Line equivalent widths
We show in Fig. 10 the line equivalent widths for all of the
lines listed in Table A.1 that are present in the composite spec-
tra. Galaxies with no emission have a significant absorption in
Lyα with an equivalent width of 11 ± 1Å. For faint emitters,
we observe Lyα to have low equivalent widths (−3.5 ± 0.3Å),
as expected from their definition. Single line emitters show the
strongest Lyα equivalent width (−75± 1Å), also expected due to
the lack of a strong continuum detection on these sources. Galax-
ies with coincident and offset emission have equivalent widths
of −9.7 ± 0.4Å and −8.1 ± 0.4Å, respectively. Galaxies which
show an extended emission with respect to the continuum have
WLyα = −22.4 ± 0.6Å. We expect the values for offset and ex-
tended emitters to be underestimated by ∼20% and ∼8% (see
Sect. 2.3), yielding values of WLyα = −9.7 and WLyα = −24.2Å,
respectively.
For the other two emission lines seen in our composite spec-
tra (Ciii] and Heii) we find that extended emitters are those show-
ing strong emission also in these lines (especially in Ciii). The
other classes show similar properties among themselves. This
relation can be likely traced back to a tentative correlation be-
tween equivalent widths in Lyα and Ciii] (seen on stacks, see
also Guaita et al. 2017; Le Fèvre et al. 2019).
Low ionization interstellar medium (ISM) absorption lines
are on average stronger for galaxies with no Lyα in emission and
progressively weaker for faint, offset, coincident and extended
line emitters. This trend is inverted with respect to Lyα equiva-
lent width which is likely the explanation for these differences
among different classes, as there are several reports on the exis-
tence of weaker low ionization ISM absorption lines in stronger
Lyα emitters (e.g Shapley et al. 2003; Jones et al. 2012, 2013;
Leethochawalit et al. 2016; Pahl et al. 2020). Higher ionization
ISM lines show no strong correlation on the class of emitters.
5.3.2. Velocity offsets
In Fig. 11 we show the velocity offsets of the blue emission
peak of Lyα and of low ionization ISM lines with respect to the
CIII]λ1909 emission, assumed here as a tracer of the systemic
velocity. We find that galaxies with no Lyα emission have an av-
erage velocity offset of ∼ 30 ± 130km s−1 which is roughly con-
sistent with star-forming galaxies at similar redshifts (Shapley
et al. 2003; Vanzella et al. 2009; Talia et al. 2012, 2017). Galax-
ies with Lyα in emission show higher velocity offsets for the
low-ionization lines (∼ 300 − 450km s−1) with non-significant
differences among the different classes. The blue-shifted ISM
lines with respect to Ciii], might be indicative. Coincident and
extended Lyα emission galaxies show similar differences in ve-
locity between Lyα and low ionization lines despite having dif-
ferent equivalent widths in Lyα, in agreement with other studies
(see e.g. Shapley et al. 2003; Jones et al. 2013; Marchi et al.
2019).
One interesting result is that for galaxies with offset Lyα
emission we find a larger difference between Lyα and low ion-
ization ISM lines velocity offsets. This is mostly driven by a red-
shifted Lyα emission with respect to Ciii]. We hypothesize that
these offset regions that emit Lyα are kinematically decoupled
from the galaxy ISM. These regions have a typical spatial offset
of ∼ 1.1kpc (see Sect. 4.2) which is similar to the observed me-
dian size for the same galaxies at these redshifts (Ribeiro et al.
2016, see also Fig. 5). The combination of these two quantities
suggest that we are probably observing offset emission from a
lopsided distribution of HI gas in the galaxy (e.g. infalling mate-
rial along a filament, accretion of fainter satellite or a bright off-
center star-forming clump). It might also be produced by inho-
mogeneous dust distribution alone, as we do not find difference
in the ISM kinematics relative to the other classes of line emit-
ters. Another possibility is if the observations were produced by
Article number, page 10 of 18
B. Ribeiro et al.: The VIMOS Ultra-Deep Survey: the Lyα emission line morphology at 2 < z < 6
0.25
0.50
0.75
1.00
1.25
1.50 None [1918]
SiIV CIII]AlIII
OVI SiII NV CIV HeII
SiII
[OI],
SiII CIISiII FeII AlIICIII LyαLyβ
0.5
1.0
1.5
2.0
2.5
3.0 Coincident [415]
0.5
1.0
1.5
2.0
2.5 Offset [100]
2
4
6
Extended [217]
0.5
1.0
1.5
2.0
Faint [66]
1000 1200 1400 1600 1800
λ [Å]
0
2
4
6
Single Line [117]
F λ
 [n
or
m
ali
ze
d]
Fig. 8. Composite spectra of galaxies grouped by their Lyα line morphology class. The number of spectra in each stack is shown next to the class
label. In each panel, the vertical dotted lines mark the position of observed spectral lines. Lines from the Lyman series are marked in blue, lower
ionization inter-stellar absorption lines studied in this paper are shown in red, photospheric absorption lines are shown in black and the remainder
are shown in green.
Article number, page 11 of 18
A&A proofs: manuscript no. VUDS_LYA
0.5
1.0
1.5
2.0
2.5
F λ
 [n
or
m
ali
ze
d]
Lyα SiIV CIII]AlIIISiII
[OI],
SiII CIISiII FeII AlIICIV HeIICIII
1100 1200 1300 1400 1500 1600 1700 1800 1900
λ [Å]
0.0
0.5
1.0
1.5
F λ
/C
λ−
1
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in Fig. 8.
gas scattering on the circum-galactic medium, but in this sce-
nario we should expect to see larger average spatial offsets than
what we find (as we do observe for individual galaxies, but it is
not the dominant process).
5.4. The UV size of Lyα emitting galaxies.
To compare the UV size of different classes of emitters, we
use the size measurements detailed by Ribeiro et al. (2016) and
briefly described in Sect. 2.2. We show in Fig. 12 the median
sizes for each of the classes of Lyα emission. Interestingly we
do find that the extended line emitters have smaller UV extent
than the other classes. The non-emitters are the largest in terms
of the 50% light radius (both re and r50T ) but have similar sizes
as the coincident and offset line emitters. We further explore the
dependence of Lyα emission on the UV rest-frame size in Fig.
13 where we show the fraction of LAEs, defined by using two
Lyα equivalent width cuts, as a function of the total extent of the
UV rest-frame emission. We find that the smallest galaxies show
the highest fraction of LAEs, regardless of the selection. This
fraction is . 10% for galaxies with r100T & 3.5 kpc and rises to
& 20% for galaxies with r100T . 1.0 kpc. We compare our results
with those reported by Law et al. (2012a), where they find a sim-
ilar behaviour. We note that they select as LAEs, any galaxy that
has a visible Lyα emission, which would translate to an equiva-
lent width cut at 0Å. Interestingly we do find a small increase in
the fraction of galaxies with Lyα emission around r ∼ 5 − 6kpc
(with respect to the two adjoining bins), similar to what is re-
ported by Law et al. (2012b). However, due to the small number
of galaxies at these sizes it is likely that this bump is simply a
statistical anomaly.
The results shown in Fig. 13 are correlated with what we
observe in Fig. 12 concerning the UV sizes for each class. Ex-
tended emitters have the smallest UV sizes and are also the ones
with the strongest line equivalent widths for Lyα. Our results
confirm the trend of smaller UV sizes for larger Lyα equivalent
width galaxies reported in the literature (e.g. Vanzella et al. 2009;
Law et al. 2012a; Paulino-Afonso et al. 2018). The prevalence of
strong emitters at small UV sizes can also partially explain the
difference in sizes of LAEs and LBGs or regular star-forming
galaxies seen by recent studies at z < 4 (e.g. Malhotra et al.
2012; Wisotzki et al. 2016; Paulino-Afonso et al. 2018) as being
due to the nature of LAE selection.
6. The physical nature of Lyα emitters
We have defined a new classification system based on the extent
of the Lyα emission as compared to that of the UV continuum.
We carried out our visual classification for a sample of ∼ 4192
objects with 2 < z . 6 on the VUDS survey and compiled a
sample of 914 galaxies with Lyα in emission and 1919 with no
emission line that have been identified in the same class by two
different team members. We find that the most common case for
line emitters is having coincident line and UV continuum emis-
sion (∼ 45%) followed by extended line emitters (∼ 24%) and
then offset line emitters (∼ 11%). Other emitters have either a
too faint continuum or line to be classified.
We find that extended line emitters are the least massive,
least star-forming and have the lowest amount of dust extinc-
tion with respect to the other main classes. At the same time,
it is the class for which the line equivalent width is the largest
and the only one with continuum detection for which the stacked
spectrum has an equivalent width high enough to be classified as
a classical LAE. They also amount to ∼43% of all of the line
emitting galaxies with Lyα equivalent width < −25Å making
them the most likely population (along with single line emitters
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Fig. 10. Line equivalent widths for observed features in our composite
spectrum per morphological Lyα emission class. From top to bottom:
Lyα, emission lines (Heii and Ciii]), low ionization and high ionization
interstellar absorption lines.
which amount to ∼ 21%) to be detected with narrow band sur-
veys. These extended emitters are also the most compact, show
the strongest Ciii] emission of all of the classes and have the
largest Lyα escape fraction, which are indications of a hard ion-
izing spectra. This hints that extended emitters are those more
likely to be analogues of galaxies in the re-ionization epoch.
In terms of the physical properties of LAEs, we may ex-
pect that part of the observed differences is explained with the
physical conditions that render their detection possible in differ-
ent kinds of surveys. Selecting stronger equivalent width galax-
ies (as done in all narrow band surveys) produces a bias to-
wards galaxies with bright extended Lyα emission which we
showed are the class of galaxies that have the strongest differ-
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Fig. 12. Median size of galaxies measured in the rest-frame UV (mea-
sured in HST F814W) as a function of classification. We show values for
the effective radius (in light blue), total extent (in dark blue) and 50%
light radius (green) for galaxies with stellar mass log(M?/M) > 9.5
(see Sect. 2.2). In all cases the extended line emitters have smaller
UV sizes. We show as dashed/dotted lines the median half-light radius
of LAEs derived by Paulino-Afonso et al. (2018) and Malhotra et al.
(2012), respectively.
ences among our objects (similar to those already reported by
Hathi et al. 2016). On the other hand, our sample is primarily
comprised of UV-selected objects and thus the observed differ-
ences are not as large as pure line surveys which can probe down
to lower masses (e.g. Gawiser et al. 2007; Finkelstein et al. 2007;
Guaita et al. 2011; Vargas et al. 2014). We can argue that the dif-
ferences among different studies are most likely due to the differ-
ence of continuum selection and line selection in the correspond-
ing surveys, and that if we select galaxies based on optical emis-
sion lines (tracing e.g. SFR), both line emitter populations (Lyα
and optical) should show similar properties (e.g. Hagen et al.
2016).
For what concerns the derived trend that larger galaxies have
a lower fraction of Lyα emitters, there is a possibility of biased
measurements due to slit losses. This may happen since Wisotzki
et al. (2016) found that the Lyα extension scales with UV contin-
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et al. (2012a), where they report the fraction of galaxies with visible
Lyα emission.
uum size (see also e.g. Leclercq et al. 2017; Yang et al. 2017) and
therefore, larger galaxies are more likely to have extended Lyα
emission beyond the 1′′ aperture of the slits. In our sample we
use an equivalent width cut at WLyα < −25Å which, as stated be-
fore, includes mostly extended and single line emitters. In turn,
these galaxies are the ones with the smallest UV continuum sizes
(see Fig. 12). Therefore we are confident that the trend we ob-
serve is real and not affected by slit loss problems since most
of our strong emitters should have smaller UV sizes and conse-
quently smaller Lyα extension which would reduce the impact of
such flux losses. It is possible that a differential surface bright-
ness (SB) dimming effect, which would not affect the UV sizes
(measured from deep imaging data) but affect WLyα (as measured
from the spectra), which could produce a similar trend. However,
we do not expect that to be the case since we expect a core Lyα
emission that has a similar profile shape as the UV continuum,
and not a shallower profile which would more easily be affected
by SB dimming (Leclercq et al. 2017). Also, the lower spatial
resolution of VUDS 2D spectra also helps counterbalance any
SB dimming effect, since in this case the SB per pixel is boosted
by including photons from a larger physical area.
Our findings that galaxies with Lyα emission are smaller
than their non-emitting counterparts are consistent with most
studies in the literature (e.g Malhotra et al. 2012; Paulino-Afonso
et al. 2018). However, we are able to show that there is a smooth
trend from large to small galaxies where the fraction of strong
line emitters increases (Law et al. 2012a). And this trend seems
to be independent of the Lyα equivalent width cut we impose,
with smaller galaxies being more likely to show Lyα emission.
6.1. Offset Lyα emission
There is a possibility that the offset emission (observed in ∼10%
of our line emitters’ sample) comes from a source in the fore-
ground/background of the UV continuum source. However, there
are two strong arguments against this possibility. One is the fact
that the typical offset is ∼0.15′′(see Sect. 4.2) and the proba-
bility of a serendipitous emission occurring at such distances is
much smaller than the fraction of offset emitters we find. We ex-
pect to find only ∼ 0.02(0.05) LAEs per arcsec2 brighter than
log10(FLyα) = −17.5(−18) assuming the detected number counts
by Bacon et al. (2015). This would correspond to the detection of
∼2(5) serendipitous galaxies within a 0.15′′radius for a sample
of 4192 galaxies. This is an upper limit on the detection since
we can only measure offsets along one spatial direction (East-
West of the primary target). By imposing a minimum offset of
0.05′′along that spatial direction the number of expected detec-
tions drops to 1(3) Lyα. The other is the stacked spectrum for
this offset class (see Fig. 8). If the detection was not at the same
redshift as the continuum source for the majority of the offset
sample, we would not detect other lines as the random nature of
serendipitous detections would wash out all other lines from the
stack.
Another possibility is that we are seeing emission from one
Lyα-bright clump offset from the galaxy center and produced by
violent disk instabilities (VDI). Such instabilities are common
in gas-rich high redshift galaxies where high surface densities
lead to fragmentation under their own self-gravity to originate
massive star-forming clumps (e.g. Elmegreen et al. 2004, 2007;
Genzel et al. 2006, 2008; Dekel et al. 2009; Dekel & Krumholz
2013; Bournaud 2016).
Finally, it is also possible that these offsets are indicative of
merging systems for which a component is emitting Lyα, while
the other is not. From the fraction of mergers reported in the lit-
erature (e.g. Tasca et al. 2014; Ribeiro et al. 2017; Ventou et al.
2017) we expect that among a sample of 914 galaxies, ∼ 20%
would be involved in major merging. Nonetheless, we expect
major merging to be a sub-dominant process since these off-
set emitters would need to be a combination of a non-emitting
galaxy merging with a single line emitter (and thus a faint, likely
low mass object) to match our definition. This is also bolstered
by the distribution of separations between the Lyα emission and
the continuum, where most offsets are relatively small and not
compared what one would expect for a major merging event.
Thus, to explain the observed fraction of offset emitters as due
to merging events, we would assume them to be of minor nature.
The combination of multiple processes driving galaxy evo-
lution at high-redshift is consistent with the findings by Ribeiro
et al. (2017) for the same parent sample. Such a combination of
different mechanisms would likely produce two over-imposed
distributions of offset distances. However, one would need a
higher sample of offset Lyα emitters to confidently constrain
their existence and properties of each individual distribution.
Therefore, the large spread in observed offsets in combination
with the likely double Gaussian nature of its distribution (see
Fig. 5) is compatible with the scenario where both disk instabili-
ties and mergers are responsible for the observed offset distances
distribution.
7. Summary
The results presented in this paper can be summarized as fol-
lows:
• We have defined four different main classes of star-forming
galaxies based on the spatial properties of the Lyα emission
as compared to the UV continuum emission. We find a total
of 914 galaxies with line emission of which 45%, 24% and
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11% have coincident, extended and offset line emission, re-
spectively. We have also a sample of 1918 galaxies with no
emission line at all.
• Extended line emitters show the strongest equivalent widths.
In fact, when considering all galaxies with WLyα < −25Å,
41% of them are extended and ∼ 20% are single line emit-
ters. These are, by definition, the most common populations
likely to be selected as LAEs in narrow-band imaging sur-
veys.
• In terms of physical properties, extended line emitters dis-
tinguish themselves from the other classes by being the least
star-forming, with lower dust content and smaller UV con-
tinuum sizes. The extended emitters also show the strongest
Ciii] emission and have likely the higher Lyα escape fraction
of all classes.
• We find that the strength of the low ionization ISM lines is
correlated with the value of WLyα of each class, with stronger
absorptions for galaxies with no Lyα emission.
• We find that the UV size of galaxies correlates with the pres-
ence of Lyα emission, with larger galaxies having a lower
fraction of LAEs.
• From the three main classes of LAGs, offset emitters show
the largest velocity differences between the Lyα emission
and the low ionization ISM lines, driven mostly by a larger
velocity offset of Lyα with respect to the systemic velocity.
• We find ∼11% of galaxies with offset Lyα emission, with a
median separation between the emission and the UV con-
tinum of 1.1+1.3−0.8 kpc, and a likely double log-normal nature
in the distribution of offset distances. This can be interpreted
as a combination of on-going minor merger events or Lyα-
bright clumps within large galaxies.
We conclude that the extent of the line emission is linked to
the physical properties of galaxies and that the largest Lyα extent
is likely coming from smaller, low-mass galaxies with little dust.
Further investigation into this problem is required to confirm the
extended nature of Lyα emission in a larger sample by probing
down to fainter surface brightness limits. It is likely that future
and ongoing observations from large and deep spectroscopic sur-
veys like VANDELS (McLure et al. 2018; Pentericci et al. 2018)
and Integral Field Unit observations from MUSE/KMOS/JWST
will help us understand more about the nature of Lyα emission.
Such surveys will place definitive constraints on the observa-
tional biases associated with the different classes presented here
and will allow for the understanding of the underlying physical
motivation for the differences that we report.
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Appendix A: Composite spectra for all classes
This appendix summarizes the information on the composite
spectra obtained for each class and the results from line fitting
each spectra (see tables A.1 and A.2).
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Line None Faint Coincident Offset Extended
Lyα 11.40 ± 1.22 −3.57 ± 0.26 −9.75 ± 0.36 −8.12 ± 0.34 −22.41 ± 0.57
SiII1260 1.22 ± 0.14 1.16 ± 0.15 0.91 ± 0.13 0.56 ± 0.10 0.58 ± 0.10
OI1302+SII1304 1.79 ± 0.18 1.35 ± 0.16 1.10 ± 0.14 1.83 ± 0.17 1.00 ± 0.14
CII1334 1.19 ± 0.14 0.82 ± 0.12 1.07 ± 0.13 0.72 ± 0.10 0.21 ± 0.06
SiII1526 0.99 ± 0.13 0.66 ± 0.11 0.56 ± 0.10 0.99 ± 0.14 0.47 ± 0.09
SiIV1397 1.20 ± 0.14 0.53 ± 0.10 1.18 ± 0.14 2.27 ± 0.20 1.27 ± 0.15
CIV1549 1.68 ± 0.17 0.81 ± 0.12 0.85 ± 0.13 0.78 ± 0.14 0.82 ± 0.11
AlIII1856 0.57 ± 0.10 N/A 0.85 ± 0.12 N/A 1.35 ± 0.15
HeII1640 −0.20 ± 0.06 N/A −0.32 ± 0.08 −0.94 ± 0.12 −0.72 ± 0.11
CIII1909 −0.62 ± 0.10 −1.41 ± 0.40 −1.15 ± 0.13 −0.88 ± 0.13 −2.08 ± 0.19
Table A.1. Equivalent width, in Å, for features found in the composite spectra. For each line we show the values obtained for the six classes in
each of the six columns.
Line None Coincident Offset Extended
Lyα −632 ± 640 119 ± 95 342 ± 123 −96 ± 69
SiII1260 −144 ± 137 −555 ± 161 −354 ± 138 −400 ± 92
OI1302+SII1304 52 ± 126 −339 ± 152 −459 ± 136 −638 ± 152
CII1334 −72 ± 140 −248 ± 120 −246 ± 118 −491 ± 161
SiII1526 32 ± 126 −175 ± 117 −297 ± 151 −331 ± 92
Average ISM −33 ± 132 −329 ± 137 −339 ± 136 −465 ± 124
Table A.2. Velocity offsets, in km s−1, for features found in the composite spectra. For each line we show the values obtained for the four main
classes in each of the four columns.
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